A (100) oriented KTa 0.65 Nb 0.35 O 3 400 nm-thin film has been deposited by Pulsed Laser Deposition on MgO substrate. Microwave measurements, performed on InterDigitated Capacitors, show a paraelectric phase at room temperature with a tunability for the devices of 64% under an electric field of 400 kV/cm. Then, using a specific de-embedding method, the complex permittivity of the KTN thin film has been extracted from 40 MHz up to 67 GHz on coplanar waveguides. As promising applications are pointed out at 60 GHz, such as indoor communications, material characterizations are expected in this spectrum.
Introduction
Ferroelectric oxides thin films are being explored in order to achieve high performance integrated systems. Indeed the richness of their properties open the way to a large variety of applications like Micro Electro Mechanical Systems, nonvolatile Ferroelectric Random Access Memories [1, 2] , electrooptic waveguides [3] , modulators or electrically tunable high frequency devices for telecommunication [4, 5] . For tunable microwave devices, a high tunability of the dielectric response is required under a moderate bias voltage, which is associated to a large change of the dielectric permittivity under an applied electric field. High performance devices require also low dielectric losses.
Furthermore, the ferroelectric thin film technology could be very attractive for millimeter wavelength applications, such as indoor communications (at 60 GHz), provided that material losses are controlled. Towards such future developments, it becomes of prime importance to characterize their dielectric properties in the aforementioned frequency bands. To compare with different technological solutions, we first focus on a commercial varactor diode solution [6] . In this reference, under a bias voltage of 10 V, a tunability of 26% is achieved at 2.3 GHz with a good quality factor of the structure. However, this solution is suitable at only low frequencies. Investigations are also performed on liquid crystals (LC) [7] . In this cited work, a tunability of 2% is obtained by changing the orientation of LC molecules by 90 • at the frequency of 12 GHz. In this case, as birefringence of LC decreases at microwave frequencies, this solution could be suitable for operating frequencies in the infrared spectral region (for instance, a birefringence value as large as 0.21 is obtained in THz frequencies [8] ). So, a window of opportunity exists for ferroelectric thin film technology at microwave frequencies.
Among the possible oxide candidates, besides the Ba x Sr 1−x TiO 3 (or BST) which is the most extensively studied [9] [10] [11] [12] , KTa 1−x Nb x O 3 (KTN) shows interesting properties: it presents high tunability in bulk [13] and thin films [14, 15] ; its Curie temperature (T C ) can be tuned by adjusting the composition in the solid solution extending from KTaO 3 to KNbO 3 [16, 17] ; it can be expected to be deposited at lower temperature (of about 100 • C) than titanates like BST for instance [18, 19] . Previous studies at microwave frequencies, have demonstrated promising dielectric features both for the KTa 0.65 Nb 0.35 O 3 [20] and KTa 0.50 Nb 0.50 O 3 [21] compositions, whose Curie temperature is expected to be slightly lower, or higher, than the room one, respectively. As device performances are directly linked with the dielectric properties of the film, it is of prime importance to have the knowledge of its complex permittivity in a wide frequency range. We report here a wide frequency range characterization of a KTa 0.65 Nb 0.35 O 3 (KTN) thin film grown on (100) MgO.
Deposition and Physical Characterization of KTN Thin Film
A 400 nm-thick KTN film has been deposited by pulsed laser deposition onto a 10 × 10 × 0.5 mm 3 (100) MgO substrate using a KrF excimer laser (λ = 248 nm) operating at 2 Hz, with a laser fluence of 2 J/cm 2 . This film was obtained by using a KTN target containing an excess of 50% of potassium in order to compensate the K deficiency due to its high volatility [22] . The film was deposited at 700 • C under an oxygen pressure of 30 Pa.
X-ray diffraction (XRD) was performed using a 4-circle texture instrument (D8 Discover Brüker AXS) equipped with a parallel beam Cu Kα 1 radiation in θ -2θ and ϕ scan modes. The θ -2θ pattern presented on Fig. 1 shows the 100 preferential orientation of the KTN film without any secondary phase. XRD ϕ-scan performed on the {110} planes comprised of four quite wide peaks ( ϕ = 7.2 • ) separated by 90 • evidenced an in-plane ordering (i.e. in-plane preferential orientations).
Design Rules and Fabrication of High Frequency Metallic Test Structures
In order to retrieve complex permittivity variations of the KTN material in a broad frequency range, two kinds of test structures have been designed. The first ones consist of CoPlanar Waveguides (CPW) transmissions lines of different lengths for extracting with accuracy the propagation constant γ . To maximize the interactions between the electromagnetic field and the KTN material, a gap of 4 μm was performed between the central strip and the ground strips. By using a conformal mapping technique on a multilayered substrate [23] , it results a characteristic impedance of 19 for this transmission line. Metallic losses of CPW lines are reduced using large strips for ground and signal lines. A cross-section of the CPW test structure is shown on Fig. 2(a) .
The second ones consist of InterDigitated Capacitors (IDC), in a reflection measurements configuration. It permits us to extract the tunability of the KTN material. A space between each finger of 1 μm enables to consider a high static field value of 400 kV/cm for a dc bias value of 40 V. A Scanning Electron Microscopy (SEM) view of an IDC is shown on Fig. 2(b) . All of those structures present the advantage of a monolithic integration.
From a technological point of view, a bilayer of electronic resist (EL 13%/PMMA 3%) has been deposited on the substrate by a spin coating process. As all the materials employed are non conductive, a 50Å thick germanium (Ge) metallization was required to permit the evacuation of the charges before exposition on electron beam lithography (LEICA EBPG 5000-Plus). After the removal of the Ge layer, a Ti/Au bilayer (100 nm / 400 nm) was achieved by a conventional lift-off technique after evaporation. 
Microwave Measurements
The characterization of devices under test was done by using a Vectorial Network Analyzer (VNA) Agilent PNA−X N5247A with microprobes (Cascade Microtech) in a 40 MHz-67 GHz frequency range.
On Fig. 3 (a), we plotted the frequency variations of the propagation constant γ = α + jβ of the CPW lines, where α and β describe respectively attenuation (dB/m) and phase (rad/m) constants. This result was obtained from the measurements of two CPW lines of different lengths; in our case we used lengths of 2000 μm and 2900 μm. Further details on this method can be found elsewhere [24] . From the scattering parameters of these transmission lines, it is also possible to retrieve the frequency dependence of the distributed capacitance and conductance parameters of CPW lines [25] , as shown on Fig. 3(b) .
Concerning the IDC test structure, as it is loaded at the end of a 1 mm CPW transmission line, we have to de-embed this access line to extract its capacitance C and quality factor Q factor . The method proposed by ref. [24] is performed to eliminate parasitic effects due to the CPW access line to the IDC under test. This procedure allows extracting the admittance Y of the IDC which is made by the capacitance C and the conductance G, as presented in the model of Fig. 4(a) . Figure 5 shows, at the frequency of 30 GHz, the capacitance extraction and the inverse of quality factor (∼tanδ) for different bias voltages. A tunability of 64% was obtained under a 40 V bias voltage, which corresponds to a 400 kV/cm static field. This value, in comparison with performances of other materials [26] [27] [28] , appears to be very impressive. Furthermore, the lack of hysteresis effect on the C(V) curve indicates that the KTN film is in a paraelectric phase at room temperature. In a more sophisticated equivalent circuit of an IDC, the capacitance C can be separated, as shown in Fig. 4(b) , with a tunable capacitance C KTN due to the KTN contribution added with a parasitic capacitor C p which is non-tunable, arising from E-fields in air and direct coupling between digits and ground.
On the basis on the measurements, we plotted the log-log variations of loss tangent versus capacitance. It is shown in the inset of Fig. 5 . The loss mechanism was analyzed at low dc electric field, namely for values <100 kV/cm, so the bias voltage was restricted to 10 V. We obtained a quasi-straight line. Its slope gives the power coefficient n of the relation tanδ = (ε ) n . We obtained n = 1.41 which is characteristic of the interaction between the microwave field with soft phonons for which tanδ ∼ (ε ) 3/2 was predicted [29] . The interaction of a microwave field with soft modes indicates a dielectric dispersion with a Debye-type relaxation [30] .
The tunability of 64% extracted from Fig. 5 takes into account, as seen, the variations due to the tunable part of the IDC, but also of a parasitic capacitance C p mounted in a parallel configuration. In order to estimate the value of C p , we simulated (under commercial software HFSS by Ansys) the structure shown in the left-inset of Fig. 6 . It consists in removing fingers of the IDC. So in practice, we have a CPW line ended by a gap of 9 μm in our case. By this way, with the help of the S 11 complex parameter, it is possible to extract the frequency variations of this capacitance, as plotted in the right-inset of Fig. 6 . For a frequency of 30 GHz, we have a value for C p of 9 fF. This value is injected in a C(V) modelization procedure proposed by Chase et al. [31] . In this model, the parasitic capacitance value can be used as a fitting parameter. On Fig. 6 , a good agreement between measurements and modelization is obtained for a C p value of 9 fF. Unfortunately, from a device point of view, the tunability of this capacitance is negligible with respect of the IDC which presents fingers with a space of 1 μm. So, to have the tunability of the material (and not the device), we can shift down this C(V) curve of 9 fF. It results a tunability of 75%.
Concerning the complex permittivity extraction of the KTN thin film, although it is possible to calculate it with the knowledge of the propagation constant, we achieved it with values of lineic capacitance and conductance (as shown on Fig. 3(b) ) in order to cancel the doubts on the conductivity and thickness of the metal layer. On Fig. 7(a) we plotted extractions results, up to 67 GHz, of the complex permittivity of the KTN. It was achieved by the measurements CPW transmission lines using the method explained in ref. [32] : it is based on Simplex and Powell optimization algorithms applied on the complex permittivity determination. This retrieval method consists in doing an iterative comparison process between measurements and electromagnetic modelling on the HF2D software [33] . For each iteration, a complex permittivity value, chosen on a two dimensions domain, is affected to the KTN thin film. For this complex value, the HF2D software calculates the conductance G and the capacitance C. Then, they are compared to the measured ones by means of an error function. When this error function reaches a specific criterion, the iterative process stops and gives as a result the complex permittivity value which best minimizes the error function. This procedure was repeated for each frequency point, so it presents the main advantage to be broad-band method. It is to be noted that the two-dimensional area in which the iterative process takes values of complex permittivity under test is established by means of a Latin Hypercube Sampling (LHS) technique and it is highly dependent of the computing power resources. Indeed, a LHS algorithm permits easily the establishment of a list, composed of a couple of points (real and imaginary part of permittivity), which are equi-distributed on a huge two-dimensional area for which the error function is calculated. This one will take a level-surface shaped curve and its wells (often, just a few) will contain the potential solutions. Each well permits to target a smaller two-dimensional domain, wherein the iterative process can converge (or not) towards a couple that strongly minimizes the error function and which will therefore be solution.
From a physical point of view, the conclusions obtained by the IDC measurements permit to deduce that the permittivity dispersion can be treated by a quasi-Debye model, and this assessment is stressed also by the plotting of the CPW line complex characteristic impedance evolution, shown on Fig. 8 . Due to the fact that the gap between central conductor and lateral ground metallic conductors are only of 4 μm, the line is highly mismatched with respect of the 50 presented by the microprobes. The real part of the characteristic impedance is dominated by the resistive part of the line in low frequencies, which explain the hyperbolic shaped curve obtained.
Concerning the imaginary part, it is directly proportional to the term [(GLω)-(RCω)], with ω the angular frequency and R, L, C and G respectively the lineic values of resistance, inductance, capacitance and conductance of the CPW line. Obviously, the imaginary part of Z c exists if the structure exhibits losses. In our case, below 30 GHz, this part appears to be negative, and becomes positive above. This positive sign is given by a product value of GL higher than the RC one. As the frequency variations of the inductance are tenuous, it is shown here that the values taken by G are huge with growing frequency. Furthermore, this trend is reinforced by the decrease of C values, as shown in Fig. 3(a) . As G is related to ε and C to ε ones, the relaxation phenomenon is again put in stress.
In our case, for the fitting by means of a quasi-Debye model, we used a Cole-Davidson model (which presents an excess of loss in high frequencies):
where ε ∞ and ε s * are respectively the high and low frequency permittivity values and τ is the distribution centre of relaxation time. The β exponent, which makes a deviation of the pure Debye model when different of 1, indicates the variance of this distribution.
Parameters of the Cole-Davidson model were determined by fitting the complex dielectric dispersion, and permit to retrieve a relaxation time τ = 2.8 ps and a power coefficient β = 0.6 was estimated. ε s * can be easily extracted as ε s * = 355-10j on the basis of low frequency measurements performed on IDC and conformal mapping technique.
On Fig. 7(b) , we plotted the loss tangent tanδ, which corresponds to the ratio between the imaginary part and the real part of the permittivity. It presents a huge increase of its value with growing frequency, and reaches 60% at 67 GHz. This high value is, for the moment, prohibitive for practical applications at so high frequency. However, up to X and K u band (12 GHz and 18 GHz respectively), this material appears to be a serious candidate for tunable applications with regards of its huge tunability and loss tangent value.
Conclusion
A 400 nm thick KTa 0.65 Nb 0.35 O 3 layer deposited on MgO substrate was characterized up to 67 GHz by means of coplanar transmission lines and interdigitated capacitors. By means of an application of dc electric field, the capacitance exhibits a tunability of 64% for E dc = 400 kV/cm at 30 GHz and room temperature and the complete device. We showed that parasitic elements on a CID configuration minimize this value, which reached 75% by means of an accurate study. The specific composition 65/35, in paraelectric phase, whose Curie temperature is expected to be close to room temperature explains this huge value. It is comparable with the one obtained on a 50/50 composition (in a ferroelectric phase at room temperature) for E dc = 70 kV/cm on a stub at 10 GHz [21] . Then, a frequency dispersion study of the complex permittivity was performed. A dielectric relaxation is observed and can be modelized by a Cole-Davidson model. However, the frequency variations of the loss tangent exhibit high values with increasing frequency: close to 10% at 10 GHz and reaches 60% at 67 GHz. An optimization of the deposition process, by means of heterostructures or by doping, is of a prime importance to target a compromise between high tunability and low loss suitable for high frequency applications such as tunable filters for instance.
